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Supplementary Material Appendix 1. Changes to the protocol
For the first objective on measurement comparisons, the original searches were performed with all dates considered but the inclusion criteria were modified to include in the formal analysis/synthesis only those published 1960 to present. The 1960s threshold was chosen due to commercialisation and advances in sensor technology. Further, the searches were found to be insufficiently effective in identifying 'old ' (here, pre-1960s) articles. This observation was made by comparing the search results with pre-1960 articles identified via other means. We are confident that the search was effective in identifying the post-1960 articles because by manually searching the reference lists of included studies and citations of included studies, only one post-1960 study not returned in the formal search was located.
For data analysis and presentation, the data presented in forest plots (planned) were also summarised as groupings within a particular study (post-hoc decision). After producing the forest plots, we found the resultant number of comparisons displayed to be distracting from the data itself and, therefore, that figures summarising that information were better suited in the main text. The complete forest plots were retained (Supplementary Material) for reference and examination of specific comparisons of interest.
Supplementary Material Appendix 2. Extracted information
For measurement comparisons (objective 1), the following general study information was sought: if the study was performed in vivo and, if so, participant information (animal type, age, number of participants); if the study was performed using a physical model and, if so, the model composition and details; the number and type of contact sensors used for direct temperature comparisons; the number and type of attachments used for direct temperature comparisons; the sites used; whether single-site or pooled values were compared; and the number of replicates/sample size. For specific experimental comparisons, the following information was sought: temperature data from contact temperature sensors involved in a comparison of interest; surface type; notable other details about the specific comparison; environmental conditions (air temperature, relative humidity, air velocity); sensor and attachment type of the compared measurements; sensor calibration information; whether temperature was single-site or pooled values (and method of pooling if applicable); form in which data were presented; sample size.
For the survey of use (objective 2), the following information was sought: participant numbers and sex; activities performed during which T skin was measured; T skin sensor type and manufacturer/supplier and model information; calibration information; any details about sensor accuracy/uncertainty/precision etc; sensor attachment type and if the sensor was covered by the attachment; body sites at which T skin was measured; if mean T skin , mean body temperature, or other variables were calculated using T skin data; and how the data was presented (e.g., absolute values, change scores;
if any data was presented for individual sites).
Supplementary Material Appendix 3. Descriptions of objective 1 outcome subgroups
Several key concepts underpinning T skin measurement were identified by the investigators and the outcome subgroups were defined according to these concepts:
1. Temperature disturbance of the surface underlying a surface sensor:
 temperature measurement comparisons that indicate how the surface itself is influenced by the placement of a surface sensor on top.
2. Thermal equilibrium of the surface sensor with the underlying temperature:
 temperature measurement comparisons that indicate if the surface sensors agree with measurements made 'more directly' of the surface below.
3. Influence of the attachment on surface sensors:
 comparisons of measurements taken from the same surface sensor, but with different attachments under otherwise the same measurement conditions.
Influence of the pressure applied by surface sensors:
 comparisons of measurements taken from the same surface sensor, but with different applied pressure under otherwise the same measurement conditions.
Influence of the environmental conditions on surface sensors:
 equivalent comparisons of measurements, but with different environmental conditions under otherwise the same measurement conditions.
6. Influence of the type of surface sensor:
 comparisons of temperature measurements from different surface sensors used under otherwise the same measurement conditions.
Supplementary Material Appendix 4. Notes on data inclusion and analysis for presentation

A) Mean difference and estimating standard deviation of the difference
Here, the mean of individual differences and the difference between separate comparator group means could be used interchangeably as the point estimate of measurement bias within a comparison and, therefore, we used 'mean difference' to encompass both.
Where limits of agreement (LoA) or the standard deviation of the mean difference ( ) were not available, was estimated from confidence intervals (CI) of the mean difference or standard deviations of the comparator group means separately ( 1 and 2 ).
 For cases in which the CI of the mean difference was available, was estimated using: SE = (upper CI limit − lower CI limit)/(2 • −1 ) and
= SE • √
where SE is the standard error, −1 is the corresponding critical value from the t-distribution, and n is the sample size.
 For cases in which only 1 and 2 were available, was estimated using (Williamson et al., 2002) :
where 1 and 2 are the standard deviations of comparators 1 and 2, respectively, and r is the correlation between the two comparators. In all cases it was a reasonable assumption that comparators had underlying measurement pairings (i.e., were not independent groups). When r was not available, it was estimated using data from a similar comparison in another study (such cases are noted below).
 For studies reporting LoA directly (using a multiplier of 2 or 1.96), we back-calculated and recalculated LoA using −1 . The purpose of the recalculation was for consistency in the calculation of LoA throughout the review.
B) Notes from included studies and estimates of mean difference and limits of agreement
Temperature disturbance of the surface underlying a surface sensor  Mahanty and Roemer (1979a) , mean and of the comparisons at each heat flux.
Thermal equilibrium of the surface sensor with the underlying temperature  Lee et al. (1994) . Human: used those with complete data from the 3 participants ('AR25, SS15, SS10, AR25, SS15, SS10'); for the repetitions pooled. Physical model: used the reported differences as replicates. Mahanty and Roemer (1979a) , mean and of the comparisons at each heat flux. Psikuta et al. (2014) , data given as point estimates (group means; n=3) only.

Influence of the attachment on the temperature measured by surface sensors Dollberg et al. (1994) , data for individuals extracted from figure.
 Buono and Ulrich (1998), only s of group means given so estimated using correlation coefficient calculated using the 3-layer attachment data from elsewhere (Tyler, 2011) . Deng and Liu (2008) , the uncovered condition was not directly comparable so was not included.
Three thermocouples were used adjacent to each other with all three covered by the attachments.
We calculated a within-participant mean of the three thermocouples for each attachment, giving a point estimate (with no appropriate s for calculation of LoA). Data was extracted from figures. Tyler (2011) , mean difference and reported (uncovered as reference condition). Psikuta et al. (2014) , aluminium tape chosen as the common comparator because it was typically closest to the plate temperature. Point estimates calculated as the pooled main effect; estimated because only group means were available. Priego Quesada et al. (2015) , estimated from the reported CI.
Influence of the pressure applied by surface sensors Jirak et al. (1975) , mean difference and available; only point estimates given for rectangular sensor data. Mahanty and Roemer (1979b) , data given as point estimates (group means; n=4) of the ~steady state, but no variance estimate was reported in the original article.
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Influence of the environmental conditions on surface sensors  Buono and Ulrich (1998), only s of group means given so estimated using correlation coefficient calculated using the attachment data from elsewhere (Tyler, 2011  Bach et al. (2015) , information available in the paper for the grand means for rest, exercise, and recovery; the authors had made the data available (Bach, 2014) so, in addition, we calculated mean difference and for the additional timings that correspond to Figure 1 in the original article. McFarlin et al. (2015) , individual differences were presented but for all data (30 participants, 5 periods) with the pooled mean bias and LoA; pooled data used as estimates. Mean bias estimated with data extracted from figures. Yakovlev and Utekhin (1965) , data given for maximal divergence (n=10) from which the mean difference and was calculated. Yakovlev and Utekhin (1966) , only point estimates given. Jirak et al. (1975) , only point estimates given. Youhui et al. (2010) , only point estimates given, although reportedly 8 participants; data extracted from figure.

 James et al. (2014) , mean differences and LoA reported. Flesch et al. (1976) , point estimates only of comparisons at the temperature peaks; data extracted from figures.
 Krause (1993) , values converted from °F to °C; thermocouple used as common comparator because it was typically closest to the set plate temperature. Only s of group means given so estimated using the mean correlation coefficient for thermistors versus thermocouple on a physical model from elsewhere (James et al., 2014) . et al. (2014) , mean differences and LoA reported. Psikuta et al. (2014) , PRT100 chosen as the common comparator because it was typically closest to the plate temperature. Point estimates calculated as the pooled main effect; estimated because only group means were available. Steps taken to mitigate effects associated with knowledge of the sensor setup. For the studies likely to be identified, concealment is expected to be unlikely to be undertaken, although possible in principle. The actual implications of blinding on temperature measurements are not clear and, therefore, a lack of blinding is considered to be 'unclear risk of bias.'
Low: blinding was performed adequately.
Unclear: blinding was partial, not performed, or not reported.
High: information that indicates participants or personnel were likely influenced by knowledge of the sensor type.
Detection bias Blinding of outcome assessment
Steps taken to mitigate effects associated with knowledge of the outcome assessors. Blinding of outcome assessment (i.e., temperature measurement) is considered not relevant here and, therefore, will not be assessed.
Attrition bias (systematic differences between groups in withdrawals from a study)
Exclusion of data from particular participants/models or sensors due to withdrawal or unavailability of data from particular participants/models or sensors.
Low: statement about complete data (e.g., participant completion, no missing measurements) or statement of incomplete data with suitable method reported for dealing with missing data.
Unclear: insufficient information to assess the likelihood of bias due to incomplete data.
High: information that indicates that the results were likely influenced by incomplete data. Low: the specific time points/periods reported and ways of pooling data is clearly intuitive from the methods reported, or a statement is made that the analyses were predefined and completed without changes, or all recorded data is available.
Unclear: insufficient information to assess the likelihood of selective analysis/presentation.
High: information that indicates data analysis and presentation is based on decisions made following data collection, or information that indicates particular data has been omitted without being justified.
Other bias 5. Consistency of other test conditions
Any experimental conditions, beyond the manipulated variables of interest, which may influence one measurement differently from the corresponding comparison measurement (e.g., environmental conditions, measurement timing).
Low: key conditions reported (e.g. environment, activities, timings) and tests performed in a suitably controlled fashion.
Unclear: insufficient information to assess whether the test conditions were suitably consistent.
High: information that indicates the test conditions could bias results (e.g., corresponding tests performed under different environments, measurements not taken at equivalent times).
Other bias 6. Calibration of sensors
Baseline comparability of the sensors under the same conditions.
Low: all sensors appropriately calibrated/corrected/checked by the investigators or on behalf of the investigators, or manufacturer provided a certified calibration prior to purchase.
Unclear: insufficient information to determine whether all the sensors were calibrated/corrected/checked.
High: one or more of the sensors were used according to manufacturer specifications without being certified or individually checked.
Other bias 7. Study support
Involvement of partners that may have competing interests in the study outcome.
Low: contains equivalents of both 'conflict of interest' and 'acknowledgements' sections/statements and appears to be free of support (funding or provision of equipment) from partners with potentially competing interests.
Unclear: insufficient information to determine study support; does not contain equivalents of both 'conflict of interest' and 'acknowledgements' sections/statements.
High: The study received support (funding or provision of equipment) from partners with potentially competing interests. 21.7 ± 0.3°C
• Thermistor probe; designed by the authors and described in detail in the paper. Applied pressure can be controlled. Thermistor (0.33 mm diameter glass bead; Veco Inc) attached to a stainless steel disk (19.1 mm diameter) that has a combination of reflective and flat black surface to mitigate influences of the probe on heat transfer from the skin.
• TC embedded 0.4 mm below the plate surface. Surface temperature of the plate extrapolated from the subsurface value by assuming a linear variation in temperature through the plate.
• Surface probe 'manually' held.
• TC embeded sub-surface
Centre top plate surface and sub-surface NA 2. Thermal equilibrium of the surface sensor with the underlying temperature (Lee et al., 1994) Human skin n: 3 age (y): NR mass (kg): NR height (m): NR NR • TC (within skin); 6, 10-cm long, 29-guage TC needles (type MT25/5, Physitemp Instruments Inc.).
• Fibre-optic temperature sensors (Luxtron; surface of the skin); 12 used.
• TC inserted into the skin.
• Attachment NR for fibre-optic sensors Upper thigh; area of ~60 mm x 60 mm. Sensors arranged in a grid, with surface sensors forming a square around the inserted skin sensors. The temperature offset for each inserted sensor was calculated separately compared to the 4 nearest surface sensors. The locally calculated offsets were then averaged together.
Single area, but mean of sites within the area (Mahanty and Roemer, 1979a) See information under '1. Temperature disturbance…' above.
( Lee et al., 1994) Physical model
Copper surface (0.04 cm thick sheet); 3 copper-constantan TC soldered to inner surface. Copper ~35°C. Exposed surface area 2 cm x 6 cm. Perfused water bolus (308 cm 3 ) beneath copper surface; water input within 1 cm of surface. Water-based coupling gel used between model and surface probes to simulate perspiration.
NR
• TC (copper-constantan)
• Fibre-optic temperature sensors (Luxtron® type mpm)
• 3 TC soldered to underside of copper plate.
• Attachment NR for fibre-optic sensors ("placed"). Water-based coupling gel was used on the upper surface and fibre-optic probes.
Copper sheet inner and outer surface NA (Psikuta et al., 2014) Physical model Aluminium plate; area 66 cm x 54 cm, thickness 1 cm. Heating elements at back surface and insulated with mineral wool. Plate temperature set at 36.5°C, controlled within ±0.03°C by PID controller and PRT100 foil sensor (Minco) within the plate. Plate outer surface painted matte black to approximate emissivity of skin.
• For wind velocity ~0.5 m/s: 16.2 ± 0.2°C, 52.4 ± 0.7%; 20.9 ± 0.1°C, 49.6 ± 0.4%; 25. • Thermistor, horizontally arranged (within the same plane as the mounting).
• Thermistor, perpendicular to the skin surface when mounted.
• Type NR, perpendicular to the skin surface when mounted.
• Thermistor, mounted in Plexiglas disc/ring.
• Thermistor, 400 mm 2 area of contact with the skin.
• Thermistor, mounted in the apex of a cone (perpendicular to the skin surface).
(note: sensors drawn in original article)
• NC; at least one with "cement no. 88" NR NR (Guadagni et al., 1972) Human skin n: NR age (y): NR mass (kg): NR height (m): NR NR; environment "kept constant"; care taken to understand stability of skin temperature
• Thermistor, glass-coated (0.32 mm diamter) housed in a specially made probe for hand-held use; tip diameter 2.5 mm. Designed to have minimal infuence on heat transfer from the skin and is described in considerable detail in the paper.
• 'Manually' held NR NC (Jirak et al., 1975) Human skin The probes were fixed to the arm of a microbalance (note that the authors use the mass in g and refer to the mass itself as 'pressure').
• Both probes 'manually' held 5: forehead, forearm, dorsal hand, stomach, tibia
Single site (Mahanty and Roemer, 1979b) Human skin n: 4 age (y): 28 ± 6 mass (kg): NR height (m): 1.8
21.6 ± 0.4°C • Thermistor probe; designed by the authors and described in detail in the paper. The applied pressure can be controlled using weights. Thermistor (0.34 mm glass coated bead; Veco, Inc) mounted in the underside of a aluminium disc (0.46 mm, 19 mm diameter) painted black and mounted to a phenolic supporting rod.
• • Nickel wire (diameter 70 μm) wound in a zigzag grid "in a single plane".
• Thermistor, horizontally arranged (within the same plane as the mounting).
• Thermistor, mounted in the apex of a cone (perpendicular to the skin surface). • Thermistor (EU-UU-VL5-0, Grant Instruments) connected to data logger (Grant Instruments); sensitivity 0.01°C, uncertainty ±0.1°C • iButton (DS1922L-F50; Maxim Intergrated); sensitivity 0.0625°C, uncertainty ±0.5°C • Nickel wire (diameter 70 μm) wound in a zigzag grid "in a single plane". "Between the wire loops of the sensor is a space (0.5 mm) through which sweat freely passes and evaporates." Sensor height "equal to the diameter of the nickel wire"; area 15mm x 40 mm.
• Type NR; "point" sensor (diameter 0. • Thermistor, horizontally arranged (within the same plane as the mounting).
• NC; at least one with "cement no. 88" Forearm, "lower third of the inner surface"
Single site
Study and surface used
Participant or model information (mean ± s unless otherwise specified)
Environment(s)
(mean ± s unless otherwise specified) • TC; no other information
• Thermistor probe 'manually' held.
• TC "taped"; no other information. 31.9 ± 1°C, 61 ± 9% RH • Thermistors ('wired'; EUS-U-VS5-0, Eltek Ltd.) connected to a data logger (GrantSquirrel 1000 series, Grant Instruments Ltd.). Manufacturer stated accuracy was ±0.2 °C.
• Thermistors (telemetry system; four skin thermistors, ELEU-U-VS-02, Eltek Ltd.) connected to a transmitter (Gen II GD38, Eltek Ltd.). Data transmitted wirelessly to a data logger (RX250AL 1000 series Wireless Logger, Eltek Ltd.). Manufacturer stated accuracy was ±0.1 °C.
• Tegaderm "breathable film patches" (3M Healthcare) 4: mid-belly of the pectoralis major, biceps brachii, rectus femoris and gastrocnemius on the right of the body. Pooled with weightings: 0.3 chest, 0.3 arm, 0.2 thigh, 0.2 calf Multi-site mean (Yakovlev and Utekhin, 1965) Physical model A metal reservoir filled with warm water (~35-37°C). Layer of polyvinyl chloride (0.5 mm) and layer of chamois glued on the outside surface of the reservoir NR • Nickel wire (diameter 70 μm) wound in a zigzag grid "in a single plane". "Between the wire loops of the sensor is a space (0.5 mm) through which sweat freely passes and evaporates." Sensor height "equal to the diameter of the nickel wire"; area 15 mm x 40 mm.
• Type NR; "point" sensor (diameter 0.3-1 mm)
• Attachment NR Chamois surface NA (Flesch et al., 1976) Physical model
Continued on next page
Excised (24 h after death) 1 mm thick, human epidermis on a simulated hypodermis (sand or rock salt), with tube(s) parallel below surface to create hot spots. Model kept at a constant temperature by a waterbath (37°C). Depth under surface, diameter, and temperature of the tube(s) able to be changed. Model is well described in paper.
NR; studies done when "room temperature is constant"
• Thermistor (Valvo, 0.35 mm in diameter)
• TC (Philips, 0.25 mm in diameter) Both sensor types integrated in a "precision thermometer probe".
• 'Manually' held Model (skin) surface NA (Krause, 1993) Physical model
Steel plate (area 102 mm x 102 mm; Applied Thermol, Inc) with flat surface; temperature controlled by two heatsensing elements with "inherent accuracy of ± 1.3°F" (0.7°C); plate settings over range 27-38°C. • Thermistors ('wired'; EUS-U-VS5-0, Eltek Ltd.) connected to a data logger (GrantSquirrel 1000 series, Grant Instruments Ltd.). Manufacturer stated accuracy was ±0.2 °C.
• Thermistors (telemetry system; four skin thermistors, ELEU-U-VS-02, Eltek Ltd.) connected to a transmitter (Gen II GD38, Eltek Ltd.). Data transmitted wirelessly to a data logger (RX250AL 1000 series Wireless Logger, Eltek Ltd.). Manufacturer stated accuracy was ±0.1 °C. Two subsets used in this review: thermistors prior to correction and (the same) thermistors following correction.
• Tegaderm "breathable film patches" (3M Healthcare)
Centre top plate surface NA (Psikuta et al., 2014) Table 6 . Body sites used during the measurement of T skin in studies involving physical activity (objective 2-survey of use)
Body site
Number of studies including site (%)
Number of studies including more than one sensor at site (%) Data is also available at 21 and 31°C for 0.5 m/s but is not included and only point estimates are given here, each for practicality and clarity of presentation. Note that the groupings by sensor (three top panels) and groupings by attachment (three bottom panels) represent the equivalent data, shown separately to highlight both sensor type (top) and attachment (bottom). aluminium; attach, attachment; env, environment; ex, exercise; L, layer; LoA, limits of agreement; PRT, platinum resistance thermometer; uncov, uncovered NR, not reported; perpendic, perpendicular; PRT, platinum resistance thermometer; recov, recovery; rectang, rectangular; TC, thermocouple; thermist, thermistor; thermom, thermometer 
